Within the last two decades, lithium-ion batteries (LIBs) have emerged as the power source of choice in the high-performance rechargeable battery market. 1, 2 LIBs are high-capacity batteries that are able to store electricity converted from green energy sources (e.g., solar and wind power), and they can act as energy sources in pollution-free electric vehicles. Nevertheless, there are several drawbacks to state-of-the-art LIBs, including high production costs, short battery lifetimes, safety issues, and time-consuming charging periods. The main issue in cell production is the electrolyte wetting of LIBs, which is realized through time-and cost-consuming vacuum and storage processes at elevated temperatures. Insufficient wetting of electrodes results in a production failure rate, accompanied by a reduced cell capacity and cell lifetime.
Figure 1. Scanning electron microscope images of laser-generated microstructures in composite electrode materials. (a) Self-organized microstructures (produced with the use of an excimer laser) and (b) micro-pillars obtained from direct laser structuring with an ultrafast (femtosecond) laser.
purpose, we established different types of laser processing for increasing the active surface area, [6] [7] [8] i.e., 'laser-assisted selforganizing structuring' and 'direct structuring' of electrodes. The first of these processes can be applied to thin films and thickfilm electrodes that have small electrode footprint areas (coin cells). The second process is suitable for small and large electrode footprint areas (pouch cells).
We used excimer laser ablation at a wavelength of 248nm to produce self-organized surface structures-see Figure 1 (a)-on lithium cobalt oxide and lithium nickel manganese cobalt oxide (NMC) thick-and thin-film electrodes. This self-organized structuring process [8] [9] [10] is possible because of selective material ablation and subsequent material re-deposition. We were able to avoid material loss during laser patterning, and we found that the active surface area could be increased by a factor of 10. We also used direct laser structuring-either with a 200ns fiber laser or an ultrafast fiber laser (380fs)-to form 3D microstructures, as shown in Figure 1(b) . We conducted this structuring process under ambient air conditions, and the ablated material was removed through an exhaust.
The nanosecond and ultrafast laser structuring methods that we have developed for the formation of capillary micro-structures in thick-film tape-cast electrodes give rise to a tremendous acceleration and homogeneity of electrolyte wetting (see Figure 2) . We find that an appropriate structure design and complete removal of the electrode material from the ablation zone delivers the most efficient capillary transport. 11 Nanosecond laser ablation, however, is not appropriate for all 11 Li: Lithium. C: Carbon. types of electrode materials. For example, lithium iron phosphate changes the chemical composition in the nanosecondlaser-induced heat-affected zone (this can be avoided with the use of cold ultrafast laser ablation). Furthermore, ultrafast laser ablation has an increased ablation efficiency compared with nanosecond laser ablation. 12 The loss of active material can also be reduced from 20% to values that are below 5%. 13 For LIBs that have structured NMC electrodes, we find that the 80% capacity limit of the initial discharge capacity is reached after 2290 cycles (see Figure 3 ). For LIBs with unstructured electrodes, however, our results indicate that the cell lifetime is reached after 141 cycles (without cost-and time-consuming storage procedures). This significant increase in battery lifetime is caused by efficient and instantaneous liquid electrolyte transport that is forced by the laser-generated micro-capillary structures.
Figure 2. Single-drop-electrolyte (3 l) wetting for (a) unstructured and (b) to (d) laser-structured thick-film electrodes.

Figure 3. Cell voltage versus discharge capacity for pouch cells that have unstructured (top) and laser-structured (bottom) lithium nickel manganese cobalt oxide electrodes (without previous storage).
In summary, we have developed new laser-assisted processing methods that can increase the active surface area of electrodes in lithium-ion batteries. The laser-generated capillary structures we form in electrode materials increase cell reliability and shorten battery production times. Improved cycle lifetimes and increased capacity retention also mean that high-power batteries in second-life applications become a possibility. Our future work will be focused on tuning each type of active material for high-power and high-energy batteries, as well as for future battery concepts. In addition, process up-scaling for large electrode footprint areas will contribute to significantly decreased manufacturing costs, while maintaining and improving overall battery performance and safety.
